We conducted detailed analyses of a global array of trenches, revealing systematic intra-and intertrench variations in plate bending characteristics. The intratrench variations of the Manila and Mariana Trenches were analysed in detail as end-member cases of the relatively young (16-36 Ma) and old (140-160 Ma) subducting plates, respectively. Meanwhile, the intertrench variability was investigated for a global array of additional trenches including the Philippine, Kuril, Japan, Izu-Bonin, Aleutian, Tonga-Kermadec, Middle America, Peru, Chile, Sumatra and Java Trenches. Results of the analysis show that the trench relief (W 0 ) and width (X 0 ) of all systems are controlled primarily by the faulting-reduced elastic thickness near the trench axis (T m e ) and affected only slightly by the initial unfaulted thickness (T M e ) of the incoming plate. The reduction in T e has caused significant deepening and narrowing of trench valleys. For the cases of relatively young or old plates, the plate age could be a dominant factor in controlling the trench bending shape, regardless the variations in axial loadings. Our calculations also show that the axial loading and stresses of old subducting plates can vary significantly along the trench axis. In contrast, the young subducting plates show much smaller values and variations in axial loading and stresses.
I N T RO D U C T I O N
Near an ocean trench, the subducting plate bends due to tectonic loading, forming an axial trench valley and a bulge in the outerrise region (e.g. Walcott 1970; Hanks 1971; Watts & Talwani 1974; McAdoo et al. 1978; Harris & Chapman 1994; Bry & White 2007) . When the bending-induced stress exceeds the yield strength of the lithosphere, pervasive faulting could occur trenchward of the outerrise region (e.g. Jones et al. 1978; Masson 1991; Ranero et al. 2003 Ranero et al. , 2005 Obana et al. 2012; Gou et al. 2013; Naliboff et al. 2013; Boston et al. 2014; Craig et al. 2014; Zhou et al. 2015) . Faulting could in turn cause a significant reduction in the effective elastic thickness of the subducting plate Bodine & Watts 1979; Watts 2001; Ranero et al. 2005; Contreras-Reyes & Osses 2010; Zhang et al. 2014; Hunter & Watts 2016) . Thus, the flexural bending shape of a subducting plate contains important information on the tectonic loading at the trench axis, lithospheric strength and overall faulting effects of the subducting plate.
For a constant elastic plate, it was shown that the axial trench relief is negatively correlated to the effective elastic plate thickness T e , while the axial trench width is positively correlated to T e (e.g. Turcotte & Schubert 2014) . However, such theoretical relationships are not applicable to the real cases of trenches, where T e is variable as a function of distance both across and along the trench axis. How the axial trench relief and width depend on the variability in T e of the subducting plate in reality is still poorly quantified.
A number of studies have quantified the effects of faulting in reducing the effective elastic thickness (T e ) of the subducting plate. Contreras-Reyes & Osses (2010) and Contreras-Reyes et al. (2013) showed that normal faulting has reduced the T e of the subducting plate of the Chile trench by 6-50 per cent. Zhang et al. (2014) showed that the T e for the Mariana Trench is reduced by 21-61 per cent due to trenchward faulting of the outer-rise region. Zhou et al. (2015) explicitly modeled normal faulting and elastoplastic deformation in a subducting plate and showed that normal faults could indeed reduce the T e significantly. Hunter & Watts (2016) showed that the T e for the circum-Pacific trenches is reduced by 20-72 per cent trenchward of the outer-rise region. Through admittance analysis of topography and gravity profiles of the Tonga-Kermadec and Japan-Izu-Bonin systems, Billen & Gurnis (2005) and Arredondo & Billen (2012) found that the flexural rigidity (D) and T e of the subducting plates decrease systematically from the outer-rise region to the trench axis. However, detailed analysis of along-trench variations in plate bending and T e is still relatively rare, and the interplay between reduction in the T e and trench dynamics is still poorly quantified.
In this study, we conducted detailed analyses of flexural bending at a global array of 13 trenches with a diverse range of characteristics. We first investigated, in relatively fine detail, the intratrench variations within two end-member examples of trenches: the relatively young (15-36 Ma) Manila Trench and the relatively old (140-160 Ma) subducting plate at the Mariana Trench, respectively (Figs 1 and 2). For the Manila Trench, we conducted the first original analysis of this relatively young, shallow and narrow trench (Fig. C1 ). For the Mariana Trench, the detailed analyses were already accomplished by Zhang et al. (2014) , and thus we only used the Mariana results in the synthesis of this study. We then investigated the intertrench variations by analysing a global array of 13 trenches, including the Manila, Mariana, Philippine, Kuril, Japan, Izu-Bonin, Aleutian, Tonga-Kermadec, Middle America, Peru, Chile, Sumatra and Java trenches (Fig. 1) . Finally, we synthesized the results of both intra-and intertrench variations in terms of the mechanisms that control the trench dynamics.
Results of the analysis revealed that for all trenches, the trench depth and width are both controlled primarily by the faultingreduced elastic thickness near the trench axis (T m e ) and affected only slightly by the initial unfaulted thickness (T M e ) of the incoming plate seaward of the outer-rise region. The reduction in the plate thickness has caused significant deepening and narrowing of the trench valley.
DATA ANALYSIS

Study regions
Topography, sediment thickness, gravity, crustal thickness, crustal age and other geophysical data were analysed, providing observational constraints on flexural bending models. The study regions include the Manila, Mariana and a global array of another 11 trenches. Analyses of all trenches were conducted using same methods.
End-member example 1: Manila Trench: the Manila Trench (Figs 1 and 2 ) is selected as an end-member example of a relatively young subducting plate (∼15-36 Ma, e.g. Briais et al. 1993; Li et al. 2014 Li et al. , 2015 Sibuet et al. 2016) with relatively small trench relief and width (Tables 2, and C1 and C2, Hayes & Lewis 1984; Rangin et al. 1999; Galgana et al. 2007; Lin 2015) .
The Manila Trench can be divided roughly into four segments (Fig. 3) .The southern (S) segment (13 • -15.8 • N) is associated with subducting oceanic crust (Fig. 2) . The central (C) segment (15.8
• -17.3
• N) is also associated with subducting oceanic crust but contains numerous seamounts and fossil ridges. The northern zone is associated with subducting oceanic crust in segment N1 (17.3 • -19.3 • N), but subducting thinned continental crust in segment N2 (19.3
• -21.1
• N, Eakin et al. 2014) . The northernmost of the Manila subduction system involves complex tectonics of arc-continent collision and double subduction zones (Yu 2000) .
The bathymetry data of the Manila Trench were extracted from the version 18.1 of the global marine bathymetry database (Smith & Sandwell 1997 , http://topex.ucsd.edu/WWW html/mar topo.html) with data grid spacing of 0.25 min (Fig. 3a) . The axial depth of the Manila Trench is 3.1-5.3 km (Figs 3a and 7a) . The sediment thickness data of the Manila Trench (Fig. 3b) were extracted from the Atlas of Geology and Geophysics of the South China Sea (Yang et al. 2015) with data grid spacing of 2 min. The S and C segments of the Manila Trench are associated with a smaller range of sediment thickness variations (0.4-1.9 km) than the N1 and N2 segments (0.4-4.4 km).
End-member example 2: Mariana Trench: the Mariana Trench is selected as an end-member example of relatively old subducting plate (∼140-160 Ma, Müller et al. 2008) and relatively large trench relief and width (Tables 2, and C1 and C2, Zhang et al. 2014) . The Mariana Trench is in the Western Pacific Ocean (Figs 1  and 2 ), where the Pacific plate is subducting under the Mariana microplate in the northern (N) and central (C) Mariana Trench but under the Philippine Sea plate in the southern (S) Mariana Trench. Data sources for the analysis of the Mariana Trench are described in detail in Zhang et al. (2014) .
A global array of trenches: in addition to the Manila and Mariana Trenches, we also analysed another 11 trenches in the Pacific and Indian Oceans including the Philippine, Kuril, Japan, Izu-Bonin, Aleutian, Tonga-Kermadec, Middle America, Peru, Chile, Sumatra and Java trenches (Fig. 1 ). These trenches range in age of ∼20 to ∼160 Ma (Table 3 ; Müller et al. 2008) , providing a broad spectrum of examples to investigate global variability and correlations.
The data source of the bathymetry used in the analysis of the Mariana and global array of trenches were similar to that of the Manila Trench. The sediment thickness data of the Mariana and global array of trenches were extracted from the version 2 of National Geophysical Data Center (NGDC) sediment database (Divins 2003 ; https://ngdc.noaa.gov/mgg/sedthick/) with grid spacing of 5 min. Results of the analysis of the Mariana Trench were given in Zhang et al. (2014) , while the results of the global array of trenches were obtained in this study.
Observational constraints
We used the interpreted plate deformation as a proxy for plate flexural deformation, employing a set of modeling steps. The modeling approach is same for all trenches and is illustrated below using the example of the Manila Trench.
Airy local isostatic topography: we first calculated the expected Airy local isostatic topography due to spatial variations in sediment loading and crustal thickness. The Airy local isostatic topography (T iso ) is calculated by:
where H sed is sediment thickness; H c is gravity-derived crustal thickness (see Appendix A, Parker 1973; Kuo & Forsyth 1988 ) calibrated with seismic data (Qiu et al. 2001; Yan et al. 2001; Hayes & Nissen A total of 400 across-trench profiles were taken westward of the trench axis with the eastern ends of the profiles located at the Manila trench axis (marked by colour dots and shaded area). Each profile is perpendicular to the local strike of the trench axis. Every 10 individual profiles were grouped into a section with its eastern end marked by the connecting line between adjacent dots (e.g. Section 10, etc.). There are a total of 40 sections along the Manila Trench. (b) Sediment thickness of the study region with data from Yang et al. (2015) . The northern Manila Trench north of 17.5 • N is associated with an accretionary wedge. (c) The non-Airy-isostatic topographyof the study region, which was calculated by removing the isostatically compensated sediment thickness, crustal thickness and thermal subsidence from the observed topography. The non-Airy-isostatic topography was used as a reference to extract the interpreted deformation as a proxy for the overall shape of dynamically supported flexural bending topography. (d) The free-air gravity anomaly (FAA) of the study region, with data extracted from the global database of Sandwell et al. (2014) . Wang et al. 2006 Wang et al. , 2011 Zhao et al. 2010; Lin & Zhu 2015) ; H c is the average thickness of the model oceanic crust and ρ w , ρ s , ρ c and ρ m are the densities of sea water, sediment, crust and mantle, respectively (Table 1) . Non-Airy-isostatic topography: we then calculated the non-Airyisostatic topography of the Manila Trench (T noniso , Fig. 3c ) by removing the above calculated Airy local isostatic topography (i.e. eq. 1) and lithospheric thermal subsidence from the observed bathymetry. The calculation followed the methods outlined in Zhang et al. (2014) :
where T topo is topography, and T sub is the lithospheric thermal subsidence calculated based on the crustal age map of the South China Sea (SCS) (Müller et al. 2008 ) and a half-space thermal cooling model of Turcotte & Schubert (2014) . The calculated non-Airyisostatic topography is a much-improved approximation for the flexural bending shape than the original bathymetry (Zhang et al. 2014) . Along the Manila trench axis, the non-Airy-isostatic topography is deeper and narrower at the southern and central sections than that of the northern segments (Fig. 3c ).
Free-air gravity anomaly: we also compared the non-Airyisostatic topography with the free-air gravity anomaly (FAA), which Hunter & Watts (2016) used to model flexural bending. The FAA data ( Fig. 3d) were extracted from the global database of Sandwell et al. (2014, http ://topex.ucsd.edu/grav outreach/index.html) with 1-min grid spacing. Our analysis revealed that the non-Airy-isostatic topography and free-air anomaly show similar overall spatial variations (Figs 3c and d and 5) although the FAA contains slightly less information due to upward attenuation of the gravity signal.
Across-trench profiles:
we extracted 400 across-trench profiles along the Manila Trench. The location of the trench axis was defined as the deepest point along each profile. The spacing between two adjacent profiles is 2 km, and the length of each profile is 400 km. Every 10 profiles were grouped as a section, yielding a total of 40 sections (dots along the trench axis in Fig. 3 ). We found that many sections show the characteristic flexural bending shape (red curves in Fig. 5 ).
For each profile section of the Manila Trench, a best-fitting model for flexural bending was determined in two steps. (1) A smoothed interpreted deformation profile (red dashed curve in Figs 4a-c) was first constructed by fitting only the long-wavelength non-Airyisostatic topography. Some large seamounts near the trench axis and their associated moats were difficult to be removed by mathematical filtering, and thus were visually bypassed using the 3-D topographic information of the trench valley. We used this interpreted deformation profile as an approximation for the flexural bending shape. (2) Grid search in parameter space (detailed in Section 2.3) was then conducted to find a best-fitting solution (black curve in Fig. 4b ) that minimizes the root-mean-square (rms) misfit between the interpreted deformation shape and the theoretical models of flexural bending (red curves in Fig. 5 ). Through the above two-step analysis, we obtained a best-fitting model (red curves in Fig. 5 ) that can capture the long-wavelength characteristics of the nonAiry-isostatic topography (blue curves in Fig. 5 ) for each profile section.
The non-Airy-isostatic topography, interpreted plate deformation and best-fitting models were similarly obtained for the Mariana Trench by Zhang et al. (2014) and for the 11 additional trenches in this study (Fig. 6 ). The length of each across-trench profile is again 400 km. 
Flexural bending models
We consider a simplified model in which an elastic plate of variable effective elastic thickness T e (x) lies on top of inviscid asthenosphere (Fig. 4d) . For each profile section, the variable T e (x) was further simplified into two characteristic constant T e values (Zhang et al. 2014) . It is assumed that at a breaking point distance (X r ) near the outer-rise region (Fig. 4c) , the elastic thickness seaward of the outer rise (T M e ) is reduced to that trenchward of the outer rise (T m e ) due to pervasive faulting ( Fig. 4d ; Ludwig et al. 1966; Masson 1991; Ranero et al. 2003; Craig et al. 2014; Zhou et al. 2015; Hunter & Watts 2016 ). This approach with two T e values can simultaneously replicate the observed steep slope of the axial trench valley and the long-wavelength flexural bending seaward of the outer-rise region.
For each profile section, we inverted for five bending parameters that could best fit the interpreted deformation (Figs 4c and d): axial vertical loading (−V 0 ), axial bending moment (M 0 ), maximum effective elastic thickness (T M e ), minimum effective elastic thickness(T m e ) and break point distance (X r ). The flexural bending parameters were inverted using the finite-difference numerical methods (Contreras-Reyes & Osses 2010; Zhang et al. 2014) . The best-fitting model was obtained by searching for the solution that yielded the minimum rms between the interpreted deformation of the observed profiles and forward models. The detailed procedures of the analysis are described in Appendix B.
R E S U LT S
We compared the flexural bending of the Manila, Mariana and the global array of trenches to illustrates variability and common characteristics of the subduction systems. The trenches exhibit significant intratrench variations along both the Manila and Mariana Trenches (Figs 7 and 8) as well as significant intertrench variations among the global array of trenches (Fig. 8) , thereby providing diverse examples for comparison.
Best-fitting flexural bending solutions
Manila Trench: we obtained the best-fitting models ( Fig. 8g and Table C1 ).
Mariana Trench: the best-fitting bending parameters for the Mariana Trench (Table C2) were obtained by Zhang et al. (2014) using methods same as those described above. In general, the Manila Trench shows much greater values in trench depth, width and loading parameters (Figs 7 and 8) .
Global trenches: analyses were conducted on a total of 21 global sections including the Philippine (Sections 1-3 global array of trenches (Table 3) , the section-averaged W 0 is in the range of 0.9-4.7 km (Fig. 8b) , the average X 0 is in the range of 31-93 km (Fig. 8f) . The average T M e varies in the range of 23-60 km (Fig. 8n) , while the average T m e varies in the range of 11.5-35.4 km (Fig. 8p) . The above calculations revealed a reduction in T e of 20-70 per cent with an average value of 47 per cent (Fig. 8r) , which is consistent with the results of the circum-Pacific trenches (Hunter & Watts. 2016 ). The transition from T M e to T m e was calculated to be at X r of 35-115 km from the trench axis (Fig. 8h) .
Comparisons between end-member examples
The end-member examples from the Manila and Mariana systems provide contrasting examples of flexural bending.
Trench relief and width: the range of W 0 of the Manila Trench (0.4-2.1 km) is similar to that of the Mariana N segment (0.9-2.1 km), but systematically smaller than that of the Mariana S (1.7-5.7 km) and C (1.5-3.8 km) segments (Fig. 7b and Table 2 ).
The range of the X 0 of the Manila Trench (20-66 km) is also smaller than that of most sections of the Mariana Trench (42-105 km, Table 2 ). The segment-averaged X 0 is similar among the southern (77 km), central (70 km) and northern (78 km (Lallemand et al. 2005) , which is consistent with, although slightly greater than our calculated ratio of −V 0 of the two systems.
The trench-averaged axial bending moment of the Manila Trench (0.31 × 10 16 N) is approximately 2.2 per cent that of the Mariana Trench (1.41 × 10 17 N, Fig. 7e ). The trench-averaged axial loading of the global array of trenches varies from −0.7 to 2.8 × 10 12 N m −1 (Table 3) . The observed W 0 is, in general, positively correlated to the calculated −V 0 (Fig. 9a) , while the observed height of the bulge (W b ) is positively correlated to M 0 (Fig. 9b) . The best-fitting slopes of these parameters are larger for the Manila (black lines, Fig. 9 ) than the 1436 F. Zhang et al. 
Intertrench variations
Global variability: trench geometry and axial loadings exhibit a full spectrum of variation in bending parameters for the global array of trenches, facilitating further investigation. The W 0 of the global array of trenches is in the range of 0.9-4.7 km (Table 3 ). The trench width of the global array of trenches is in the range of 31-93 km (Table 3) . Variations in W 0 , −V 0 and M 0 of the Mariana Trench are almost as large as those of the global trenches (Fig. 8) . However, variations in X 0 , X r , T (Fig. 8) .
End-member groups: the global trenches can be divided into three different groups. In the first end-member group of relatively young subducting plates, including the Middle America (∼20 Ma) and Peru (∼29 Ma) are associated with relatively small trench relief, width, effective elastic thickness and tectonic loadings. They are more similar to the Manila Trench ( Fig. C1 and Table 3 ). In the second end-member group of relatively old subducting plates, trenches like Japan (∼135 Ma) and Izu-Bonin(∼137 Ma) are associated with trench relief and width, effective elastic thickness and tectonic loadings. They are more similar to the Mariana Trench ( Fig. C1 and Table 3 ). In the third group, values of plate age and bending parameters are in between the end-member examples of the Manila and Mariana types ( Fig. C1 and Table 3 ). These features indicate that in the cases of extremely young or old plates, the plate age could be a dominant factor in controlling the bending shape regardless the variations in axial loadings.
Apparent shear and normal stresses: we calculated the apparent axial shear stress σ s = −V 0 /T e M and apparent axial normal stress σ n = 2M 0 /(T e M ) 2 . The axial shear stresses for the Manila, Mariana and global trenches have the range of 0 to 31, −15 to 66, −15 to 90 MPa, respectively (Figs 8s and t) . The axial normal stresses for the Manila, Mariana and global trenches have the range of 0 to 71, 9 to 217 and 1 to 183 MPa, respectively (Figs 8u and v) .
The apparent axial shear and normal stresses show much smaller variability (Figs 8s-v) than the −V 0 and M 0 (Figs 8i-l) . These results indicate that while the average axial apparent shear stress is still slightly greater at the Mariana Trench than the Manila Trench, the much larger difference between the two trenches in −V 0 was largely due to the differences in plate thickness.
Synthesis 1: reduced elastic thickness T m e controls near-trench bending
For a plate of constant elastic thickness, the trench relief (W 0 ) is calculated as follows (Turcotte & Schubert 2014) : Figure 6 . Across-trench profiles for each section of the global array of 11 trenches (each profile is 400-km long). Blue curves are the calculated non-Airyisostatic topography profiles. Green curves show the observed FAA profiles. Red curves show the average interpreted deformation profiles that best capture the long-wavelength characteristics of the non-Airy-isostatic topography profiles. The interpreted deformation profiles were then used in the inversion of best-fitting flexural parameters for individual profile sections.
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F. Zhang et al. (Fig. 10b) . This implies that the observed W 0 is indeed controlled primarily (more than 90 per cent) by T m e and affected only slightly (less than 10 per cent) by T M e . For a plate of constant elastic thickness, the width of the trench valley (X 0 ) is given by the following equation (Turcotte & Schubert 2014) :
The predicted X 0 values assuming T e = T m e are on average only slightly greater (by 7 per cent) than the observed values of the Manila, Mariana and the global array of trenches (Fig. 10c) . In contrast, the predicted X 0 values assuming T e = T M e would be on average much smaller (by 50 per cent) than the observed values (Fig. 10d) . This implies that the observed X 0 is also controlled primarily by T m e and affected only slightly by T M e . For the case of T e = T m e , the predicted cross-sectional areas of the trench valley, S 0 = W 0 X 0 /2, are almost the same as the observed S 0 (Fig. 10e) . Meanwhile, the predicted S 0 values assuming T e = T M e are on average only slightly smaller (by 14 per cent) than the observed S 0 (Fig. 10f) . This implies that S 0 is only moderately sensitive to the choice of the T e values.
Synthesis 2: deepening and narrowing of trench valley caused by T e reduction
The reduction from T M e to T m e could cause significant deepening and narrowing of the trench valley (Fig. 11) . We define the absolute value of the trench valley deepening as [W 0 (Figs 11a-c) . We also define the relative value of the trench valley deepening as (Figs 11d-f) . For the Manila Trench, the predicted trench valley deepening is up to 1.4 km (Fig. 11a) or up to 177 per cent with an average value of 76 per cent (Fig. 11d) . For the Mariana Trench, the predicted trench valley deepening is up to 2.8 km (Fig. 11b) or up to 183 per cent with an average value of 76 per cent (Fig. 11e) . For the global array of trenches, the predicted trench valley deepening is up to 2.3 km (Fig. 11c) or up to 180 per cent with an average value of 88 per cent (Fig. 11f) .
Similarly, the predicted trench valley narrowing for the Manila Trench is up to 49 km (Fig. 11g) or up to 62 per cent with an average value of 30 per cent (Fig. 11j) . The predicted trench valley narrowing for the Mariana Trench is up to 72 km (Fig. 11h) or up to 53 per cent with an average value of 39 per cent (Fig. 11k) . The predicted trench valley narrowing for the global array of trenches is up to71 km (Fig. 11i) or up to 62 per cent with an average value of 37 per cent (Fig. 11l) .
The above analyses thus provide important quantitative constraints on the strong links between plate bending, faulting-induced reduction in T e , and changes in trench valley geometry. Flexural bending produces extensional stresses in the upper plate, which is responsible for the formation of normal faults (Fig. 4d) . The bending-induced faults in turn reduce T e , which further affects the trench geometry and dynamics in a positive feedback cycle (Fig. 4d) . These relationships will be further discussed in Section 4.2.
D I S C U S S I O N
Uncertainties in data analysis
The analyses of the Manila, Mariana and global array of trenches are associated with a number of uncertainties. For example, the calculated non-Airy-isostatic topography of the Manila Trench is associated with uncertainties in topography, sediment thickness, gravity-derived crustal thickness, manual choice of the interpreted deformation profiles and 3-D effects of plate bending (Manríquez et al. 2014) . We have examined several alternative models of Manila sediment and crustal thickness, and found that the overall Manila parameters stay unchanged, indicating that our results are relatively robust. Furthermore, the overall spatial variations of the calculated non-Airy-isostatic topography match well with that of the FAA (Fig. 5) . Similarly, the uncertainties in the calculation of non-Airyisostatic topography of the Mariana Trench were discussed in detail in Zhang et al. (2014) , while the uncertainties associated with the global array of trenches were difficult to quantify at this point. Normal faults of both the Manila and Mariana Trenches were found to distribute over a broad region from the outer-rise region to the trench axis. In areas with good multibeam bathymetry coverage (Barckhausen et al. 2014; Zhang et al. 2014) , our analysis revealed that the location of the calculated X r is in general consistent with the observed outer boundary of the surficial normal faulting zones, providing further confidence in the overall results.
Flexural bending of elastic versus elastoplastic plates
To better understand the implications of the modeling results of this study, we investigated the role of plastic yielding in the reduction of T e . We first obtained the smoothed flexural bending shape (w) of an example profile with relatively good data quality from the S. Mariana Trench (section 10 in Zhang et al. 2014, black curve, Fig. 12a ). We then calculated the curvature of this profile by κ = d 2 w/dx 2 (Fig. 12b) . The expected stress distribution with depth in an elastoplastic plate is shown in Fig. 12(c) . Take the depth profile at across-trench distance of 100 km as an example (blue profile 2, Fig. 12c ): it is anticipated that the upper plate would be under extension, while the lower plate under compression (Fig. 12c) .
When the deviatoric stresses exceed the yield stress envelope, brittle failure could occur in the elastic upper plate by frictional faulting and earthquakes, while plastic deformation could occur in the lower layer according to temperature-dependent power-law rheology (Goetze 1978; Goetze & Evans 1979; Kirby 1983; Chen & Morgan 1990) . The maximum sustainable deviatoric stresses in the brittle yield zone of the upper plate is controlled by maximum shear stress τ = μ(σ n − P f ), where μ is rock frictional coefficient, σ n is normal stress and P f is pore fluid pressure on the fault plane. Meanwhile, an elastic core at the central depth is expected to be sandwiched between the upper brittle yield zone and the lower layer of plastic deformation (Figs 12c and d) . The slope of the elastic core κ shown in Fig. 12(c) is constrained by the observed flexural shape of the S. Mariana Trench (Fig. 12a) . The calculated deviatoric stress as a function of distance from the trench axis is shown in Fig. 12(d) . Figure 11 . Predicted deepening in the trench valley (W 0 increase, panels a-f) and narrowing in the trench valley (X 0 decrease, panels g-l) due to T e reduction. Symbols of data points are the same as in Fig. 9 . ( 
. Also shown are the best-fitting curves using the formula y = A1 * exp(A2 x 2 -1), where A1 and A2 are the best-fitting coefficients. Our numerical models calculated the deviatoric stress of the subducting plate (Fig. 12d) , from which we obtained the bending moment M(x) by integrating the deviatoric stress and the vertical depth distance from the neutral plane as follows:
where σ xx is the horizontal deviatoric stress in the plate, E is Young's modulus, y is the depth and y n is the depth of the neutral plane. Furthermore, we calculated the plate curvature κ from the slope of the deviatoric stress in the elastic core (e.g. Hunter & Watts 2016) as follows:
We then obtained the flexural rigidity D according to the following (Turcotte & Schubert 2014) :
Finally, the effective elastic plate thickness T e was calculated via T e = [ The above analysis illustrated that the calculated reduction in T e for this example profile (Section 10) in the S. Mariana Trench is about 43.8 per cent over a distance of 60-170 km (thick black curve, Fig. 12e) , and the calculated S Te is 2424 km 2 . Meanwhile, the inverted T M e to T m e reduction for the same Section 10 of the S. Mariana Trench was about 56.9 per cent with a break point distance of 90 km (thick red curve, Fig. 12e) , and the calculated S Te is 2430 km 2 . The similarity in S Te from the two different methods illustrate that our simplification of using two T e values can produce results that are comparable, at least qualitatively, to the results from the elastoplastic deformation of a plate. The calculated stresses and geometry of the yield zones (Fig. 12d) also provide a mechanical basis for the conceptual model shown in Fig. 4(d) .
C O N C L U S I O N S
Detailed analyses of a global array of trenches revealed systematic intra-and intertrench variations with implications on trench dynamics:
(1) The relatively young subducting plates (e.g. the Manila, Middle America and Peru Trenches) show systematically small elastic thickness (T M e and T m e ) and bending wavelengths (X 0 , X r and α). In contrast, the relatively old subducting plates (e.g. the Mariana, Japan and Izu-Bonin Trenches) show systematically large elastic thickness and bending wavelengths. These features indicate that in the cases of extremely young or old plates, the plate age could be a dominant factor in controlling the bending shape regardless the variations in axial loadings.
(2) In the end-member case of the Mariana Trench, the intratrench variations in trench relief (W 0 (5) Comparing to the case of unfaulted subducting plate, T e reduction increases the trench depth W 0 by an average of 76 per cent for both the Manila and Mariana trenches and 88 per cent for the global trenches. The calculated average decrease in trench width X 0 due to T e reduction is 30 per cent, 39 per cent and 37 per cent for the Manila, Mariana and global trenches, respectively.
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